Synthesis of Ni and Zn substituted nano-greigite, Fe 3 S 4 , is achieved from single source diethyldithiocarbamato precursor compounds, producing particles typically 50-100 nm in diameter with plate-like pseudohexagonal morphologies. Up to 12 wt.% Ni is incorporated into the greigite structure, and there is evidence that Zn is also incorporated but Co is not substituted into the lattice. The Fe L 3 X-ray absorption spectra for these materials have a narrow single peak at 707.7 eV and the resulting main X-ray magnetic circular dichroism (XMCD) has the same sign at 708.75 eV. All XMCD spectra also have a broad positive feature at 711 eV, a characteristic of covalent mixing. The greigite XMCD spectra contrast with the three clearly defined XMCD site specific peaks found in the ferrite spinel, magnetite. The Fe L 2,3 X-ray absorption spectra and XMCD spectra of the greigite reflect and reveal the high conductivity of greigite and the very strong covalency of the Fe-S bonding. 
Introduction GREIGITE (Fe 3 S 4 ) is a ferrimagnetic thiospinel of environmental importance and technological potential. The magnetic and electronic properties of greigite with its structural similarity to the much exploited magnetite (Fe 3 O 4 ) have attracted increasing interest for future technological exploitation. This interest has been boosted by the successful development of stoichiometric nano-greigite materials (Han and Gao, 2008; Akhtar et al., 2011) and, for instance, promising tests using greigite nanoparticles in cancer hyperthermia treatments . Greigite is present in nature in recent and Quaternary reducing sediments formed by either microbially mediated or authigenic diagenetic processes involving sulfate reduction; it is often a metastable precursor to pyrite (Pósfai et al., 2001; Skinner et al., 1964; Roberts and Weaver, 2005; Rowan et al, 2009) . As a microbial biomineral, greigite is formed in magnetotactic bacteria that thrive at sub-surface redox interfaces, developing as intracellular single-domain crystals (Bazylinski et al., 1995; Mann et al., 1990; Schuler and Frankel, 1999) which can be preserved for up to a few million years (Vasiliev et al, 2008) . Although its metastability in near-surface environments leads to both oxidative breakdown and pyritization, greigite has also been recorded in Cretaceous sedimentary sequences (Reynolds et al., 1994) .
The ferrimagnetic properties and the ability to retain a permanent magnetic signature of greigite means it is used in palaeomagnetic investigations that inform magnetic reversals, magnetostratigraphy, magnetic palaeointensity and palaeoclimatic studies (Snowball and Torii, 1999; Frank et al, 2007) . Greigite is of further interest as it is found in seafloor hydrothermal systems where it has been implicated in enzyme formation as a precursor for early life (Schoonen and Barnes, 1991; Russell et al., 2005) .
There is significant interest in doping of nanomaterials and thin films as a method of tuning properties such as band gap (Erwin et al., 2005; Wang, et al., 2006) and molecular precursors offer a facile and efficient method of achieving this as recently demonstrated for Cr-doped molybdenum disulfide (MoS 2 ) (Lewis et al., 2015) . The present study examines the production of nanogreigite using molecular precursors (see also Vanitha and O'Brien, 2008; Akhtar et al., 2011) and the doping of greigite by Co, Ni and Zn to examine the tunability of its electrical and magnetic properties. Here the magnetic and electronic structure of the greigite products is examined using X-ray absorption spectroscopy (XAS) and the resulting X-ray magnetic circular dichroism (XMCD) allowing comparison with magnetite and other ferrite spinels. The XMCD technique has been used with great success in the study of magnetite and other nano-particulate ferrite spinels Pattrick et al., 2012) but the sparse studies of greigite have produced baffling XMCD signals (Letard et al., 2005; Chang et al., 2012a) .
Structure and magnetism
Greigite (Fe 3 S 4 ) has an inverse spinel crystal structure ( Fig. 1 ) with a space group Fd3m and is isostructural with the ferrite oxide spinel, magnetite (Fe 3 O 4 O h , respectively) (Chang et al., 2009a (Chang et al., , 2012a Roldan et al., 2013) . Greigite has a collinear ferrimagnetic spin arrangement with antiferromagnetic coupling between the octahedral (B site) and tetrahedral (A site) ions (Chang et al., 2008; 2009a , 2009b . The easy axis of magnetization is <111> (Yamaguchi and Wada, 1970; Heywood et al., 1991) and the average magnetic moments of the A and B sites at room temperature, determined by neutron diffraction, are 3.0 µ B (Chang et al., 2008) producing a net magnetic moment of 3.0 μ B per formula unit; a net magnetic moment of 3.5 μ B was recorded in stoichiometric greigite nanoparticles (Lyubutin et al., 2013) , and a saturation magnetism of 59 A m 2 kg −1
. There is no evidence of significant vacancy concentration or spin canting in pure greigite (Dunlop and Özdemir, 1997; Chang et al., 2008) .
Although isostructural with magnetite, the different anions and increased covalency in greigite means there are significant differences in the properties of magnetite (Roberts et al., 2011) . For example, greigite has a different easy axis of magnetization (<111> in magnetite compared to <100> in greigite) (Dunlop and Özdemir, 1997) and there is a three times lower exchange coupling between the Fe in tetrahedral and octahedral sites in greigite compared to magnetite (Chang et al., 2008; Devey et al., 2009) , although this should not affect the antiferromagnetic ordering in the two minerals (Roberts et al., 2011) . The K 1 (anisotropy constant) value for single domain greigite is (2.9 ± 0.2) × 10 4 J m −3 is higher than that of magnetite (1.35 × 10 4 J m −3 ), which may explain the higher coercivity of >60 mT in equidimensional single-domain greigite, compared to ∼20 mT for magnetite (Dunlop and Özdemir, 1997; Dekkers et al., 2000; Chang et al., 2012b) . In addition, there is no observed Verwey transition in greigite, consistent with the ab-initio DFT calculations of Devey et al. (2009) . Lyubutin et al. (2013) explain differences in the optical MCD spectra of greigite compared to magnetite by "electron excitations in a wide band with superimposed peaks of the d-d transitions in Fe ions".
Greigite chemistry and electronic structure
Greigite, Fe 3 S 4, is a member of the linnaeite mineral group of isostructural Fe-Co-Ni thiospinels, the other end-members being linneaite, Co 3 S 4 and siegenite, Ni 3 S 4 . Solid solutions are limited, with almost no Fe substitution in Co 3 S 4 , although there are intermediate compositions along the Ni-rich portion of the Ni 3 S 4 -Fe 3 S 4, join, including the mineral violarite (FeNi 2 S 4 ). Ni-bearing greigite is found in nature but assumed to be metastable (Vaughan and Craig, 1985) . Compositions near the centre of the Ni 3 S 4 -Co 3 S 4 join (the siegenites) can contain significant substitutional Fe as (NiCoFe) 3 S 4 (Vaughan et al., 1971; Vaughan and Tossell, 1981; Wagner and Cook, 1999 and references therein) .
Although Ni and Co substitution in synthetic greigite is limited, this has been related to differences in electronic structure with high spin Fe in both octahedral (O h ) and tetrahedral (T d ) sites in greigite, whereas in NiFe 2 S 4 the octahedral Fe O h is low spin (Vaughan et al., 1971; Vaughan and Craig, 1985; Lyubutin et al., 2013) . The electrical properties of linneaite-group minerals can vary although most have delocalized electrons which result in metallic conductivity and Pauli paramagnetism. Vaughan and Tossell (1981; 1985) found greigite is a semi-conductor with localized 3d electrons having unpaired spins. However, many other authors declare greigite to be semi-metallic in character and this property has been related to Fedeficient non-stoichiometry and fast electron hopping between high-spin octahedral Fe 2+ and Fe 3+ atoms in the octahedral voids (Coey et al., 1970; Gibbs et al., 2007; Lyubutin et al., 2013) .
The existence of non-stoichiometric greigite compositions (deviating from the ideal Fe 3 S 4 ) has also been suggested by other authors (Letard et al., 2005; Rickard and Luther, 2007; Bauer et al., 2014) and a stoichiometry of Fe 2.994 S 4 was determined for nano-greigite (Qian et al., 1999) , whereas the 18-nm-diameter nanoparticles behaved as stoichiometric Fe 3 S 4 . However, it should be noted that neutron diffraction of similar greigite nanoparticles revealed no significant excess vacancy concentration or non-stoichiometry (Chang et al., 2009a) . The 'possibility' of significant Fe 4+ in greigite has also been suggested using bond-length valency estimates (Hoggins and Steinfink, 1976 ) that indicated an Fe valence of 3.92 for tetrahedral Fe sites (Gibbs et al., 2007) .
Sample preparation
Various nanoparticle compositions were synthesized using diethyldithiocarbamato (DETC) compounds containing iron, nickel, cobalt and/or zinc (see Aktar et al., 2011 for precursor preparation) FIG. 1. The spinel structure showing the octahedral cation sites (small black spheres) the tetrahedral cation sites (small dark grey spheres) and the oxygen anions (light grey spheres) (Structure created using the programs Cerius and Weblife, Molecular Simulations Inc.).
( Table 1 ), in oleylamine at 230°C; the synthesis then followed that for pure greigite (above). Greigite production was confirmed by powder X-ray diffraction (and transmission electron microscopy, Fig. 2 Methods X-ray absorption spectra for Fe L 2,3 , Ni L 2,3 and Co L 2,3 edges were collected on beamline 4.0.2 at the Advanced Light Source (ALS), Berkeley, California, USA, using the eight-pole magnet end-station (Arenholz and Prestemon, 2005) . All samples of greigite nanoparticles, and mineral standards were mounted in an anaerobic cabinet on carbon tape attached to the sample manipulator. Samples were kept anaerobic throughout insertion into the end-station vacuum. The X-ray beam is parallel to the magnetic field and along the sample normal. The X-ray absorption was monitored in total-electron-yield (TEY) mode, which gives an effective probing depth of 5 nm in the case of magnetic iron oxides (Fe 3 O 4 , α-Fe 2 O 3 ) (Gota et al., 2000) . As greigite is more conductive than the oxides a probing depth of 4-5 nm is estimated. Energy calibration was undertaken using the standard magnetite with the main L 3 peak having a photon energy of 709 eV. At each energy point the X-ray absorption spectra were measured for the two opposite magnetization directions by reversing the applied field of 0.6 T. The X-ray absorption spectra of the samples were normalized to the incident beam intensity and subtracted from each other to give the XMCD (see Pattrick et al., 2002; van der Laan and Figueroa, 2014 and references therein). All samples were initially measured under ambient conditions; most samples were subsequently cooled using a liquid N 2 cryostat to 77 K and the X-ray absorption spectra measured for a second time, however, no significant differences were observed between the spectra. The room temperature spectra are used in this study. Multiple spectra (≥3) were taken to improve statistics at each elemental edge. The Fe, Co and Ni L 2,3 edge X-ray absorption spectra and resulting XMCD spectra were used to examine the electronic and magnetic structure of the materials. At the transition metal L 2,3 edge, the 2p core electrons are excited by electric-dipole transitions into ( partially) localized unoccupied 3d states, so that XMCD provides information about the local electronic and magnetic structure of the absorbing atom (van der Laan and Thole, 1991; van der Laan, 2013) . The spectrum is split by the 2p spin-orbit interaction into two main structures, the L 3 and L 2 absorption edges. The features of the Fe L 2,3 XMCD spectra obtained can be compared and differences due to substituting cations related to site occupancy. In the case of ferrite spinels quantitative information on site occupancies can be provided by comparison with calculated spectra (van der Laan and Thole, 1991; Pattrick et al., 2002) . In these previous studies of the Fe L 2,3 -edge calculations the HartreeFock Slater integrals for the 3d-3d and 2p-3d Coulomb and exchange interactions were scaled to 70% and 80%, respectively, and the crystal fields for the O h and T d sites were taken to be 10Dq = 1.2 eV and −0.6 eV, respectively. The calculated and experimental studies of magnetite provide three distinct peaks representing the Fig. 4 ). The calculated Fe L 2,3 -edge spectra were then convoluted by a Lorentzian of half-width at half maximum (HWHM) Г = 0.3 (0.5) eV for the L 3 (L 2 ) edge to account for intrinsic core-hole lifetime broadening and by a Gaussian of σ = 0.2 eV (the full width at half maximum (FWHM) = 2.3548 σ) to account for the ALS instrumental broadening. In the current study, employing higher crystal fields is appropriate to take into account the relatively covalent nature of the greigite. Applying this methodology to greigite was important for comparison with ferrite spinels but, as discussed below, this modelling approach proved unsuccessful (see also Chang et al., 2012a) . Examination of the XAS/ XMCD spectra of Ni and Co L 2,3 reveals information about the oxidation state of these elements and demonstrates if these elements are in ferrimagnetic phases, pointing to substitution in the greigite.
The bulk composition of the nanoparticles was determined by using electron probe microanalysis (EPMA) using a CAMECA SX100 at the Williamson Research Centre at the University of Manchester. Nanoparticles were pressed into carbon tape and analysed using a 5 μm beam at a beam current of 20 nA and an accelerating voltage of 15 keV; Co, Fe, Zn, and Ni metal and FeS 2 standards were used. The analyses provide low totals (∼80 wt.%), typical of these type of samples and cannot be used to accurately define stoichiometry, but the metal ratios are accurate to <0.5 wt.% and were recalculated assuming a formula of Me 3 S 4 to provide these metallic ratios (Abdulwahab et al., 2014) . Transmission electron microscope (TEM) imaging and electron diffraction were used to determine the size, shape, and crystal structure of the synthesized greigites. This was obtained using an FEI Tecnai G2 TEM with a LaB 6 electron source operated at 200 kV. Energy dispersive X-ray (EDX) spectroscopy was performed using the Tecnai's Oxford Instruments XMax80 EDX detector with the obtained spectra being processed using AzTec software. Images and diffraction patterns were processed using Gatan Digital Micrograph and ImageJ software. The JEMS Software package was used to simulate diffraction patterns for the structures (Stadelmann, 2003) .
Results

Nanoparticles
Powder X-ray diffraction analysis of all samples confirmed the production of crystalline greigite in all cases ( pattern number 9000123). The EPMA analyses of the bulk greigite samples (Series 2) revealed differences between the effectiveness of doping for different elements. The Ni doping was found to increase systematically in proportion to the initial starting composition up to ∼16 wt.% for Ni15%, whereas the Co doping was found to saturate at ∼8 wt.% (Co10% and Co15% both have this same apparent concentration) and the Zn15 sample contains only 13 wt.% Zn (Table 1) . Imaging using TEM confirmed the production of micro-and nano-crystals of greigite in all syntheses, with crystallites <400 nm in diameter in all cases ( Fig. 2 ; Supplementary Figs S1 and S2, available from http://www.minersoc.org/pages/e_ journals/dep_mat_mm.html). The Co doped samples show considerably smaller nanocrystal dimensions than comparable Zn or Ni doped samples, with average diameters of (59 ± 26) nm, (232 ± 64) nm and (202 ± 83) nm for Co 10, Ni 10 and Zn 10 samples ( Fig. 2 and Supplementary Figs S1 and S2, available from http://www.minersoc. org/pages/e_journals/dep_mat_mm.html). In all cases the samples are polydisperse, with standard deviations 44%, 28% and 41% measured in the average diameter for Co 10, Ni 10 and Zn 10 samples, respectively. A range of morphologies were present, including the classic cubo-octahedral shapes (Beal et al., 2011 (Beal et al., , 2012 Lefevre et al., 2011) and, most commonly, plate-like pseudohexagonal shapes, consistent with nano-greigite produced by Han and Geo (2008) . The Co and Zn doped crystals appear significantly more faceted than comparable Ni doped crystals, suggesting that the identity of the dopant affects both nanocrystal size and morphology. Selected area electron diffraction (SAED) patterns measured from all samples can be indexed to greigite ( pattern number 9000123) regardless of the dopant with no other phases observed (Fig. 2) . Images from TEM and SAED patterns therefore suggest that the samples are all monophase and also that the particles are single crystals, both for pure Fe 3 S 4 and for the Co, Ni and Zn doped greigites. High resolution TEM images of the Co doped greigite (Co10%) also support the particles being single crystals ( Supplementary Fig. S2 ). The EDX spectroscopy analysis of individual doped greigite crystals revealed no convincing evidence of elemental segregation.
X-ray absorption spectroscopy
The Fe L 3 -edge XAS spectra of aerobic greigite samples from Series 1 (Figs 3 and 4a) show two distinct peaks, at 708.15 and 709.38 eV. In those samples with substituted Co and Ni the higher energy peak is manifest by a large shoulder at ∼709.15 eV to the main L 3 intensity (Table 2 , Fig. 3 ) and this shoulder is less pronounced in the Co-doped samples than in the Ni samples. In contrast, all the anaerobically prepared samples (Series 2) display a single Fe L 3 -edge peak intensity 707.6-707.9 eV; the L 2 -edge is also a single peak at 720.5-720.8 eV (Figs 4a and 5a ). There was no difference between spectra collected at 293 and 77 K. In previously published Fe L 3 -edge spectra of greigite by Letard et al. (2005) and Chang et al. (2012a) two clear peaks are shown, with the higher energy peak being the most intense. This latter shoulder peak was linked to an iron oxide rim on the greigite particles (Letard et al., 2005) and it did not appear to contribute to the magnetic spectrum (Chang et al., 2012a) . The peak at ∼709.2 eV seen in the Series 1 greigites in this study is consistent with an Fe 3+ -oxide species when compared with Fe L 3 -edge XAS spectra of likely products of Fe-sulfide oxidation such as goethite or ferrihydrite (Fig. 4b) . Considering the 4-5 nm penetration depth of the X-rays at the energy of the Fe L 2,3 -edge, an oxide coating on the greigite particles would provide a major (non-magnetic) contribution to the XAS spectra. As the anaerobic samples in Series 2 show no intensity at 709 eV, we can presume that this is the true Fe L 2,3 -edge XAS spectrum of greigite, particularly as the spectra are similar to the greigite produced by vapour-solid interaction deposition under vacuum in Bauer et al. (2014) . Compared to magnetite Fe L 3 XAS results, the greigite Fe L 3 peak is narrower (0.8 eV at FWHM) and lacks the distinctive two components of the L 2,3 peaks (Fig. 4c) , although there is an indistinct shoulder at 706.2 eV in greigite. While Series 1 is useful to show the oxidation of the nanoparticles, the focus of this study is on the unoxidized Series 2.
The Co L 2,3 XAS spectra of the anaerobic samples of Series 2 (Fig. 6b) show three features, a single peak at 779.1 eV (L 3 ), a broad (satellite) intensity at 6.5 eV higher, which stretches over 4-5 eV, and a single L 2 peak at 794 eV (Table 3) . The spectra are similar to those derived from other Co-sulfides, for instance in CoS 2 and the thiospinel carrollite, CuCo 2 S 4 , (Charnock et al, 1996; Pattrick et al., 2008) . The satellites are due to Co 3d 6 → 2p 5 3d 7 transitions and it is interesting to note these are clearly visible in the Co10% and Co15% samples. The Ni L 2,3 XAS spectra of Ni5%, Ni10% and Ni15% samples from Series 2 ( Fig. 6a; Table 4 ) all have similar spectral shapes, with single intensities for the L 3 and L 2 peaks at 852.8 and 869.7 eV, respectively, with a broad (10 eV) low amplitude satellite intensity above the L 3 -edge. These Ni spectra contrast with those derived from natural NiFe 2 O 4 and Ni-doped nanomagnetite (van der Laan et al., 1999; Coker et al., 2008 ) which both show a clear peak at ∼2 eV above the main peak L 3 peak and no satellite intensity.
XMCD spectra
The Fe L 2,3 edge XMCD spectra for all the greigites are remarkably similar, doped and undoped, anaerobically and aerobically produced (Fig. 5b,  Fig. 3) . The spectra are similar to the single spectra of Chang et al. (2012a) and Letard et al. (2005) , although in this study the fine structure is revealed by greater resolution. The whole L 3 XMCD spectrum has the same sign, with three distinctive 'negative peaks' identifiable (labelled A, C, E on Fig. 4a ) as well as two corresponding relatively positive features (labelled B and D); all spectra also have a broad positive feature ∼711 eV which is a characteristic of covalent mixing with contributions from several configurations. The Co L 2,3 XMCD spectra show little to no intensity (Fig. 5b) , revealing that the Co seen in the EPMA and TEM is present primarily as a nonmagnetic component and that it is therefore unlikely to be doped in significant quantities substituted into the greigite lattice. Only if the affinity of Co 2+ for tetrahedral and Co 3+ for octahedral sites has led to an exactly equal split between the A and B sites (Vaughan and Craig, 1985; Coker et al., 2008) would substituted Co result in no net magnetic moment. The TEM analysis shows Co is associated with individual nanoparticles and the Fe in the aerobic particles is less oxidized suggesting a surface Co-S phase.
The Ni L 2,3 XMCD spectrum (Fig. 5a ), in contrast, shows single L 3 and L 2 peaks with opposite signs. As other potential Ni-S phases that might form as rims on the nanoparticles such as Ni 3 S 4 and NiS are Pauli paramagnets, this is strong evidence that the Ni is incorporated in the greigite lattice. The Ni XMCD spectrum contrasts with the NiFe 2 O 4 and Ni-doped magnetite (van der Laan et al., 1999; Coker et al., 2008) , lacking the broad positive intensity at a slightly higher energy than the main peak.
The Fe L 2,3 -edge XMCD spectra of greigite are very different to that of ferrite spinels; the three peaks representing Fe 2+ O h , Fe 3+ T d and Fe 3+ O h in magnetite are absent (Fig. 4c) . Magnetite spectra can be modelled using multiplet calculations, however even with an increased crystal field, this methodology fails for greigite. A 'pseudo' fit to the measured XMCD spectrum can be achieved if the contribution of the Fe 3+ T d component is set to near zero. However, structural investigations indicate that greigite has a similar structure to magnetite (see Chang et al., 2009a,b and references therein) and a total absence of a tetrahedral component is an impossibility (Chang et al., 2012a) .
While single-particle calculations, such as density functional theory (DFT) and local density approximation (LDA) can yield good results for the K edges, they fall short for the L edges of 3d transition metal compounds. This is because singleparticle calculations neglect the 2p-3d Coulomb and exchange interactions, which means they cannot handle multiplet structure and chargetransfer effects, which severely limits their use for XMCD. More advanced two-particle calculations, such as time-dependent density functional theory and solving the Bethe-Salpeter Equation, have been used for the L edges of 3d 0 compounds, but are still struggling with more complex configurations. For a discussion on calculational tools, see Section 6 in (van der Laan and Figueroa, 2014) . Therefore, multiplet calculations are indispensable to explain the L edge spectra of ( partly) localized transition metals. As sulfides are more covalent than the oxides, the charge transfer has to be explicitly taken into account in the multiplet calculation. Alternatively, ab initio cluster calculations including Coulomb interactions in the basis of localized Wannier orbitals could provide a way to calculate strongly covalent compounds (Haverkort et al., 2012) .
The Fe L 2,3 -edge XMCD spectra were analysed to investigate variations corresponding to Co, Ni and Zn doping, and, if possible, relate these to site occupancy. Previous work has shown that Ni will preferentially occupy O h sites and Zn into T d sites in ferrite spinels; Co can occupy both sites (see Pattrick et al., 2002 and Coker et al., 2008 and references therein) . Variations in the greigite spectra are small and to quantify these changes the relative intensities of the five peaks were calculated (see Table 5 ). The only trends involve Ni substitution in which the lowest energy peaks of the Fe L 3 -edge (labelled A, B and C; Fig. 4 ) decrease with higher dopant concentration, although all are more intense than unsubstituted greigite. As the d 6 O h component is the lowest energy contribution to the spinel Fe L 2,3 XMCD spectra, this indicates that significant Ni occupies this site. . Cobalt doping produces no detectable change in the Fe L 3 XMCD peak intensities, providing further evidence that Co was not substituted successfully into the greigite lattice. As the Co L 2,3 XAS spectra show the Co is present as a sulfide, and the advanced TEM shows this is distributed evenly across individual nanoparticles, a Co-S coating of the particles is confirmed. This would explain its resistance to oxidation in the aerobic samples, compared to pure greigite; a potentially useful property.
The lack of observable Zn L 2,3 -edge XMCD spectrum from Zn d 10 is well known and the Zn substitution into greigite indicated by the EPMA compositional data can only be determined from changes in the Fe L 2,3 XMCD. The bulk Zn15% nanoparticles contain ∼16 wt.% Zn suggesting either significant substitution of Fe by Zn or a similar coating of Zn-S as discussed for the Codoped samples. In sample Zn5% with 5.9 wt.% Zn, peaks A, B and C show an increase with respect to undoped greigite but these peaks then decrease in the 16 wt.% Zn greigite (Zn15% Byrne et al., 2014) . Further substitution into Zn ferrite spinels is more complex and B siteOxygen -B site exchange interactions predominate, resulting in spin canting and eventually anti-parallel alignment of magnetic spins within the B site and loss of a magnetic moment in ZnFe 2 O 4 . A similar situation may exist in greigite at higher Zn concentrations leading to a loss in net magnetism.
Discussion
Significant substitution of Ni into the greigite nanoparticles is demonstrated, Zn substitution is implicated whereas there is no evidence of significant Co substitution. Vaughan and Craig (1985) argued that the more localized 3d electrons and higher number of electrons in antibonding orbitals in (Vaughan et al., 1971; Wagner and Cook, 1999) . However, the 12.7 wt.% Ni in the nanomaterials produced from an organic precursor in this study opens the possibility of tunable magnetic and electronic properties of greigite using Ni and probably Zn. The lack of Co substitution contrasts with magnetite nanoparticles where Co occupies both tetrahedral and octahedral sites to produce CoFe 2 O 4 . This lack of Co substitution in Fe 3 S 4 was also predicted (Vaughan et al. (1971) , on grounds of differences in spin and antibonding electrons; there are also no known natural intermediate compositions in the Co 3 S 4 -Fe 3 S 4 binary. The Fe L 2,3 XAS and XMCD spectra reflect the high conductivity of Fe 3 S 4 and the strong covalency of the Fe-S bonding in iron sulfides and, thus, sulfur plays an important role in the magnetic spectrum produced. Compared to Fe 3 O 4 , the S anion is much less electronegative than oxygen but the Fe is also less electropositive, the latter shown by the Fe L 3 XAS spectra of greigite at ∼0.5 eV lower photon energy (Figs 3-5 (Fig. 4) Fig. 4 ) in the measured greigite Fe L 3 -edge XMCD spectrum is at ∼708.39 eV (Tables 2 and 5 ), which is also coincident with the expected positive intensity of the 'missing' Fe 3+ T d component. Thus, the three XMCD contributions overlap resulting in the observed spectrum, and the contrast to magnetite (Fig. 4) . As the covalency of greigite contrasts strongly to the isostructural ferrite spinels, it is therefore impossible to simulate the greigite XMCD spectra using the method that has been successfully applied to magnetite where the O h cations conform to their nominal 2 + and 3 + oxidations states (Coker et al., , 2009 Chang et al., 2012a) . It is worth noting that pyrrhotite (Fe 7 S 8 ), another of the rare ferrimagnetic sulfides at ambient temperatures also showed XAS/XMCD spectra, gives a good agreement with charge-transfer multiplet calculations which take into account a mixing between two different 3d configurations (Letard et al., 2007) . In pyrrhotite all the iron ions are in the Fe 2+ ground state and strongly hybridized with the sulfur ligands, which is confirmed by the XAS and XMCD signals at Fe and S K edges which confirm the strong Fe-S hybridization and demonstrate the magnetic polarization of these hybridized states.
The effect of reduced anion electronegativity in Ni compounds is a decrease in the near edge multiplet splitting seen in the XAS spectra of van der Laan et al. (1986) and the greigite Ni L 2,3 XAS spectrum is similar to NiI 2 , the least electronegative compound in this previous study. As only certain final multiplet states are accessible and individual contributions form discrete components in the XAS spectrum, the increasing hybridization and the attendant multiplet splitting mean in NiI 2 and (Ni, Fe) 3 S 4 these have 'merged' to form a single peak. The positive satellite structures at 6 eV above the main XAS L 3 edge is also a typical indicator of covalent bonding (van der Laan et al., 1986) . As noted, the shape of the Ni L 2,3 XAS and XMCD spectra derived from greigite do not look at all like Ni 2+ in an ionic solid (cf. van der Laan et al., 1999; Coker et al., 2008) , lacking both the distinct shoulder in the XAS spectrum at ∼2 eV above the main L 3 peak, and a corresponding XMCD peak with an opposite sign to the main peak (Fig. 6) although this requires S to have a formal valency <2. Covalency and hybridization is a long established feature of sulfides (Vaughan and Craig, 1978) and such a strong hybridization has been found in other Ni-bearing sulfides such as (Ni 0.1 Zn 0.9 )S (Pérez-Dieste et al., 2004).
Summary
The covalency and nominal intermediate oxidation state of the O h site of Fe 2.5+ are consistent with the XAS and XMCD spectra and also consistent with the magnetic moments of 3 μB obtained by neutron scattering for the Fe in A and B sites (Chang et al., 2009a) , lower than magnetite. The Ni substitution in these nano-greigites points to magnetic and electronic tunability which is under further investigation and even the apparent Co-coated greigite suggests potential development of particles resistant to oxidation. Zinc substitution needs further investigation although the potential increase in net ferrimagnetism as Fe is concentrated on the octahedral B site, may suffer from the anti-parallel alignment of spins. It is also interesting to note that the Ni-doping in these nanoparticles supports the natural development of nano-Ni-bearing greigite, (Fe 5 Ni)S 8 , which has been shown to catalyse biochemical reactions relevant to the origin of life at a mid-oceanic ridge (Russell and Martin, 2004 
